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Indoor radon levels and the annual effective dose are measured in Al-kharj city, Saudi
Arabia dwellings using CR-39 detector. The dwellings are classified according their types
(schools, homes and working area). The influence of some factors like number of floors and
ventilation conditions on indoor radon levels, equilibrium factor and radon effective doses
were studied. Can and bare method is used for determine the equilibrium factor between
radon and its daughters. Based on the dosemetric approach and epidemiological de-
terminations conversions convention for radon exposures, the annual effective doses are
calculated and compared. The average radon concentration varies from 76 ± 38 Bq m3 in
work places to 114 ± 41 Bq m3 in homes. About 77% of the studied dwellings give radon
concentration in the range from 50 to 150 Bqm3. The overall weighted mean of radon level
is equal to 94 ± 41 Bq m3 which about 2.5 times the global average. The equilibrium factor
has a wide range from 0.1 to 0.6 with overall weighted average equal to 0.308 ± 0.13. The
variety of living style, constructed materials and ventilation rates are responsible for this
wide range and subsequently the obtained high uncertainty (42%). Homes showed larger
annual effective dose (3.186 ± 0.75 mSv) than other dwellings which locate in the range of
the recommended action level but about three times the global average. The result shows
that the ventilation condition is the major but not the only factor affects the results. Poor
ventilated dwellings showed the maximum annual effective dose on the other hand the
number of floor has insignificant difference.
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Measurement of the indoor radon level is highly desirable
because the radiation dose received by the human population
due to the inhalation of radon and its progeny contributemore
than 50% of the total dose from natural sources (UNSCEAR,
2000). After inhalation of radon, their decay products are
deposited in the lung which receives a dose from alpha radi-
ation emitted during subsequent decays. This has been
associated with the induction of lung cancer (National
Academy of Science, 1988; UNSCEAR, 2006). It is estimated
that indoor radon exposure may be responsible for more than
10% of the US lung cancer incidence (Fabricant, 1990). The
assessment of the radiation doses to humans from radon is of
particular importance because they contribute significantly to
the collective dose of the world population.
Indoor radon originate from the wall, floor and ceilings
which are constructed of building material, rock or soil, by
release from materials brought into the room, such as radon-
rich water or gas, and by radon in inlet air, which may in turn
have a normal concentration of the gases or an increased
concentration derived from sources outside the room
(UNSCEAR, 1982). The main factors that affect the variations
of indoor radon levels are changes in the ventilation rate and
temperature difference. The ventilation rate affects the air
exchange rate between indoors and outdoors. Differences in
temperature result in pressure differences between indoors
and outdoors that create a driving force for radon to enter
indoors. The temperature differences are because the outdoor
temperatures vary widely during the day and night, while
indoor temperatures may not change significantly. In general,
residential radon is regulated by a reference level of radon
concentration between 200 and 300 Bq m3 based on ICRP
recommendations (ICRP, 2010).
The passive measurement of radon concentration based
on solid state nuclear track detectors (SSNTDs), is sufficiently
simple and cheap and provides the possibility of large-scale
surveys simultaneously for many measurements. The infor-
mation, integrated over a long time interval (from several days
to several months), gives reliable average values of the
measured concentrations (Nikolaev & Ilic, 1999).
This study is aimed to survey the radon concentration in
Al-kharj city, Saudi Arabia and calculate the annual effective
dose to the populations based on UNSCEAR and ICRP
recommendation.2. Experimental set up and theoretical
approach
2.1. Area under study
Al-kharj is a fast growing Saudi governorate and is located
77 km south of the Saudi capital (Riyadh). It is a main valley
where several other valleys combine with and deposit in. This
area is the main route to and from other gulf countries and
many other important Saudi cities. Although Al-kharj econ-
omy was based on agriculture, there was a great degree of
urbanization during the past few years and hence the increaseof industrial areas and the increase in the diversity of com-
munities' culture and different lifestyles. Al-kharj lies at 24 80
5400 N 47 180 1800 E, and is composed of several towns. There
exists a great variety on dwelling styles, depending on the
economical and social level of the populations. The traditional
mud building is old and, in general, poorly ventilated, in
contrast, cemented building is well ventilated and con-
structed of concrete, cement, bricks and blocks.
A total of about 100 different dwellings in Al-kharj city are
targeted in this survey classified as schools, homes, hospitals
and working places. In each dwelling, more 3 different places
are subjected to radon and equilibrium factor measurements.
2.2. Radon monitoring device
Passive device was employed in this survey to measure the
time-integrated radon concentration. CR-39 detector is widely
used passive device in radon survey because it is suitable for
accumulating the results over long periods extend to one
season (3 months). CR-39 detectors are exposed to radon in
two different configurations, Can- and Bare-mode
configurations.
2.2.1. Can-mode configurations
A diffusion cup of 5.5 cm diameter and 8 cm high is fitted with
CR-39 detector (Intercast, Italy; 700 mm thick). The sensitive
chamber volume, which is the air volume above the detector,
is about 190 ml. The cup is equipped with a filter paper with a
thickness of about 0.35 mm and a diameter of 70 mm. The
filter is protected against any damages by a filter support. The
filtered detector recording alpha particles from radon and the
equilibrium daughters inside the cup and then can be cali-
brated for radon measurement.
2.2.2. Bare-mode configurations
A bare detector is mounted outside the cup to record alpha
particles from radon as well as radon daughter and will be
used for the equilibrium factor determination.
2.3. Experimental method
The diffusion cups as well as the bare detectors were placed
on the ground floor at a height of 2m (so that the detectors are
not disturbed by the movement of the residents) and about
1m below the ceiling of the room so that direct alpha particles
from the building material of the ceiling do not reach the de-
tectors. For schools, the detectors were exposed in the area of
the main activities in the studied dwellings like classrooms,
staff rooms, science labs, and activities in the schools, waiting
rooms, clinics, files rooms and intensive care units in hospi-
tals, living rooms, bedrooms, kitchens and bathrooms in
homes and offices and laboratories in the working places.
After the exposure period, CR-39 detectors as well as the
bare detectors were collected and etched together in 6 NNaOH
solution at 70 C for 6 h (Abo-Elmagd, Metwally, Elmongy,
Salama, & El-Fiki, 2006). The detectors were then washed
with distilled water and dried. The alpha tracks were counted
manually under an optical microscope of 400 magnification
power. The correction was applied for the background alpha
tracks in CR-39 plastic by subtracting the number of tracks
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recorded, Do, for the filtered detector were converted into the
corresponding radon concentration levels, Co, by using the
following equation:
Co ¼ DoKTt (1)
where t is the exposure time in days and KT is the CR-39 de-
tector calibration factor for radon measurements. KT was
determined by exposing the detectors to standard radon
concentration in National institute for Standard (NIS, Egypt)
radon chamber. KTwasmeasured experimentally and verified
theoretically for the used diffusion chamber (Mansy, Sharaf,
Eissa, El-Kamees, & Abo-Elmagd, 2006). The used equilibrium
factor for the used cup dimension is equal to
0.2 ± 0.02 track cm2 per Bq m3 d.
2.4. Radon equilibrium factor
Can and bare method is a widely used passive method for
measurement the equilibrium factor F. Planinic, Rdolic, Faj,
and Suvelajak (1997) derive many equations of F as a func-
tion of the track-density ratios D/Do, where D and Do are the
track density of bare and diffusion (filtered) detector
respectively. One of the suitable functions takes the
following form:
F ¼ 0:5

D
Do

 0:53 (2)
This linear equation is an analytical presentation of an
empirical curve for the relation between F and D/Do in the
interval 1.2 < D/Do < 3.
This function gives no comment about the used diffusion
chamber dimension. It well established that, different cup
dimension gives different value of Do (Abo-Elmagd, Mansy,
et al., 2006) and therefore altering the value of D/Do. For this
reason, high uncertainty was expected in the measured F
using diffusion chambers with different dimensions.
For this reason, the following equation for Fwas derived as
a function of D/Do and V/A (cup volume to internal area) and
takes the following form (Abo-Elmagd & Soliman, 2009):
F ¼

0:15

V=A

þ 0:26

D
Do

 0:277 (3)
For comparison, another function is derived and verified by
using the black-box modeling technique via the MATLABTable 1 e The range and weighted mean of radon concentratio
Dowling No. Radon concentration,
Range Weighte
Schools 32 37e192
Hospitals 30 64e220
Homes 27 67e488 1
Work places 11 46e267
Overall weighted average 94 ± 41
Population-weighted average 39 ± 2.3system identification toolbox, and takes the following form
(Abo-Elmagd & Sadek, 2014):
F ¼

0:21

V=A

þ 0:49

D
Do
0:7
 0:48 (4)
Eqs. (3) and (4) are valid for CR-39with a critical angle equal
to 20 equipped in a diffusion chamber satisfies the following
conditions:
 The radii r  3.5 cm.
 The height h  10 cm.
 0.4 cm  V/A  1.3 cm.2.5. Annual effective dose
The dose in term of working level month (WLM) was defined
as (Abo-Elmagd, Metwally, et al., 2006):
WLM ¼WL t
170
¼ FCo
3700
t
170
(5)
where WL is the number of working level, t is the exposure
time (hour) which assumed that the exposure of 1WL for 170 h
produce 1 WLM (UNSCEAR, 2000).
Based on the dosemetric approach adapted by UNSCEAR
(1993, 2000), the effective dose rate can be calculated using
the following equation:
Dose ðnSv=hÞ ¼ Coð3r þ 3dFÞ (6)
where Co is the radon concentration (Bq m
3) and 3r
(0.17 nSv h1 per Bqm3), 3d (9 nSv h
1 per Bqm3) are the dose
conversion factors for radon and its daughters respectively. F
is the equilibrium factor between radon and its short-lived
progeny. This equation is equivalent to use a dose conver-
sion factor of 6 mSv WLM1.
As an alternative to a dosimetric approach, ICRP has
derived a conversion convention for radon exposures based
on the equality of detriments from epidemiological de-
terminations. The rounded values of the conversion conven-
tion adopted by ICRP are 5 and 4 mSv WLM1 for worker and
for members of the public, respectively (ICRP, 1993, 1994),
which is different from the value of 9 nSv h1 per Bq m3
derived using the dosimetric approach. This is not a big
discrepancy, considering the complex physical and biological
issues involved. The established value of 9 nSv h1 per Bqm3,
used in past UNSCEAR, 1993 calculations is still consideredn and equilibrium factor at different dwellings.
C (Bq m3) Equilibrium factor, F (Eq. (3))
d mean ± SD Range Weighted mean ± SD
93 ± 33 0.109e0.324 0.197 ± 0.08
96 ± 36 0.243e0.496 0.339 ± 0.09
14 ± 41 0.090e0.722 0.290 ± 0.17
76 ± 38 0.324e0.605 0.456 ± 0.11
0.308 ± 0.13
0.4
Table 2 e Equilibrium factor measured at different
dwellings using different equations.
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2000).Dowling Equilibrium factor, F
Eq. (2) Eq. (3) Eq. (4)
Schools 0.149 ± 0.14 0.197 ± 0.08 0.270 ± 0.08
Hospitals 0.328 ± 0.11 0.339 ± 0.09 0.420 ± 0.09
Homes 0.274 ± 0.23 0.290 ± 0.17 0.370 ± 0.17
Work places 0.475 ± 0.15 0.456 ± 0.11 0.543 ± 0.10
Overall geometric mean 0.282 0.307 0.389
Overall weighted mean 0.313 ± 0.15 0.308 ± 0.13 0.388 ± 0.163. Results and discussion
The range of indoor radon level and the weighted average
values as measured in dwellings of Al-kharj city is listed in
Table 1. From the table we find that the average radon con-
centration varies from 76 ± 38 Bq m3 in work places to
114± 41 Bqm3 in homeswith overall weightedmean equal to
94 ± 41 Bq m3. Homes have higher average concentration
with wider range (67e488 Bq m3) than other dwellings due to
the variety of living style, ventilation, construction materials
and environmental conditions. This value is about 3 times
more than the world average of 39 ± 2.3 Bq m3 (UNSCEAR,
2000). In the other hand, work places show the lowest
weighted mean due to the ceilings and the wall types of the
work places (laboratories and offices), wheremost of them are
made of polymer and wood. The overall weighted mean of
radon level is within ICRP (1993) recommendations of refer-
ence radon level (between 200 and 300 Bq m3) but it is about
2.5 times the world average.
Fig. 1 shows that, among 96 measurement room, only 4
have radon concentrations below the worldwide weighted
average of 39 Bq m3. About 44 dwellings have radon levels in
the range from 50 to 100 Bq m3 followed by 30 dwellings in
the range from 101 to 150 Bq m3 which means that most
studied dwellings (about 77%) locate in the range from 50 to
150 Bq m3 and about 17 above this range. Only 2 have radon
level more than the upper recommended reference radon
level of 300 Bq m3.
The track density ratio between bare and filtered detector
(D/Do) is used for measuring the equilibrium factor F by using
Eqs. (2)e(4) as listed in Table 2. Eq. (3) gives lower values of FFig. 1 e Radon levels versus the number of dwellings.than that obtained from Eqs. (2) and (4). Eq. (3) shows a wide
range (0.09e0.6) for F with overall weighted average equal to
0.308 ± 0.13. The maximum average value for F is obtained for
working places (0.456 ± 0.11). Although working places have
lower average radon level, the higher equilibrium factor may
be due to the bad ventilation of most offices and laboratories
which depends on using air condition without opening the
windows for exchange the air inside. Also, hospitals show a
comparable value for F (0.339 ± 0.09). Both working places and
hospitals have a value of equilibrium factor comparable to
that taken byUNSCEAR (2000) formost dwellings (0.4). Schools
show minimum equilibrium factor of 0.197 ± 0.08 due the
large areas of the classrooms with good ventilation.
The obtained overall weighted average of F for all studied
dwellings using Eq. (3) is compared to the results of Planinic
function (Eq. (2)) which gives a consistent value of F equal to
0.313 ± 0.15 as listed in Table 2. The function in Eq. (4) over-
estimates the value of F by about 21%. Also, the geometric
mean is given for comparison.
Radon dose rate in terms of annual working level month
(WLM/y) for the studied dwellings is measured by using Eq. (5)
and listed in Table 3. The average WLM/y is range from
0.146 ± 0.04 at schools to 0.498 ± 0.14 at homes. Radon con-
centration and equilibrium factor together are responsible for
the resultant WLM/y. Schools and hospitals have a compara-
ble radon concentration but the number ofWLM/y at hospitals
(0.291 ± 0.11) is twice that at schools (0.146 ± 0.04) due to the
higher equilibrium factor in hospitals than it in the schools.
Also, the maximum value of WLM/y is obtained at homes
(0.498 ± 0.14) which are attributed to their high radon con-
centration followed by working place (0.336 ± 0.17) of low
radon concentration but high equilibrium factor is responsible
for this large value of WLM/y.
The annual effective dose is calculated by UNSCEAR (2000)
(Eq. (6)) and compared to ICRP (1993). The calculation is based
on using 0.8 occupancy factor (7000 h y1) for indoor. The re-
sults are listed in Table 3. According to UNSCEAR (2000), the
average weighted mean of annual effective dose is ranged
from 0.092mSv for hospitals to 9.065mSv for work placeswith
overall weighted mean of 1.325 ± 0.71 mSv and geometric
mean of 1.881 mSv. This value is higher than the global
average of 1.15mSv y1 (UNSCEAR, 2000) but it is less than the
lower limit of the recommended action level of 3e10 mSv y1
(ICRP, 1993). According to ICRP (1993), the overall weighted
mean of annual effective dose is equal to 0.789 ± 0.4 mSv with
geometric mean of 1.206 mSv y1.
Table 3 e The average annual WLM and annual effective dose for Al-kharj dwellings.
Dowling WLM/y Annual effective dose, mSv
UNSCEAR, 2000 ICRP (1993)
Range Weighted mean ± SD Range Weighted mean ± SD Range Weighted mean ± SD
Schools 0.088e0.427 0.146 ± 0.04 0.550e2.516 0.944 ± 0.27 0.354e1.71 0.583 ± 0.18
Hospitals 0.108e1.315 0.291 ± 0.11 0.092e7.661 2.064 ± 0.77 0.433e5.26 1.374 ± 0.55
Homes 0.079e0.888 0.498 ± 0.14 0.543e5.206 3.186 ± 0.75 0.317e3.55 1.966 ± 0.58
Work places 0.204e1.545 0.336 ± 0.17 3.960e9.065 2.018 ± 1.02 0.818e6.18 1.345 ± 0.69
Overall weighted average 0.192 ± 0.10 1.325 ± 0.71 0.789 ± 0.40
Overall geometric mean 0.290 1.881 1.206
Average worldwide (UNSCEAR, 2000) 1.15
The recommended action levels (ICRP, 1993) 3e10
Table 4 e Average radon levels and radon doses versus ventilation conditions.a
Ventilationa No. of dwellings Radon concentration (Bq m3) WLM/year Annual effective dose (mSv)
Range Average ± SD UNSCEAR, 2000 ICRP, 1993
Good 27 37e132 79 ± 29 0.263 ± 0.16 1.508 ± 0.96 1.039 ± 0. 67
Partial 50 73e126 108 ± 29 0.331 ± 0.24 2.000 ± 1.33 1.344 ± 0.94
Poor 22 79e488 186 ± 102 0.622 ± 0.35 3.753 ± 2.03 2.489 ± 1.40
Weighted mean 97 ± 60 0.327 ± 0.20 1.943 ± 1.25 1.319 ± 0.83
GM 116 0.378 2.250 1.515
a Poor ventilation e doors and windows are open <8 h; partial ventilation e doors and windows are open >8 h; but <16 h; good ventilation e
doors and windows are open >16 h.
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the weighted means, this due the high standard deviation
associated the measured values which included in the calcu-
lations of the weighted mean.
The effect of ventilation on the measured parameters is
given in Table 4. Good and partial ventilation gives a compa-
rable result about half the results of bad ventilation and this
introduces a high uncertainty in the overall weighted mean
(about 62%). According UNSCEAR (2000), all ventilations have
annual effective dose exceeding the global average of
1.15 mSv y1. The annual effective dose for poor ventilated
dwellings is equal to 3.753 ± 2.03 mSv and 2.489 ± 1.40 mSv as
calculated by UNSCEAR (2000) and ICRP (1993) respectively.
These values are more than twice the global average value.
This ensures that the ventilation plays an important role for
altering radon concentration and its related parameters.
On the other hand, the effect of floors as given in Table 5
show that first, second and third floor give close resultsTable 5 e Average radon levels and radon doses versus numb
No. of floor No. of rooms Radon concentration (Bq m
Range Average ±
1st 43 37e228 116 ± 45
2nd 32 41e267 107 ± 54
3rd 22 60e488 97 ± 28
Weighted mean 103 ± 61
GM 106which ranged from 97 to 116 Bq m3 for radon concentrations
with overall weighted mean equal to 103 Bq m3. The geo-
metricmean is 106 Bqm3, which is very close to theweighted
mean, indicates the constancy of the associated uncertainty
when distribute the results according to the floor. This also
assures the responsibility of ventilation and living style on
changing both radon concentration and equilibrium factor
more than the effect of floor. For example, we find two
dwellings have radon concentration of 488 and 365 Bqm3 and
locate in the third floor which supports this discussion.
Finally, the obtained result is presented for different
quarters in Al-kharj city as given in Table 6. The maximum
radon concentration of 144 ± 122 Bq m3 is obtained in
Alrayan quarter where the minimum of 57 ± 20 Bq m3 in Al-
Andalus. But, the annual WLM and the annual effective dose
have maximum of 0.843 ± 0.06 and 4.895 ± 0.36 mSv respec-
tively in Alshoa'ba quarter because of high average radon
equilibrium factor in this quarter. Theminimum annual WLMer of floor.
3) WLM/year Annual effective dose (mSv)
SD UNSCEAR, 2000 ICRP (1993)
0.389 ± 0.25 2.34 ± 1.4 1.56 ± 1.0
0.376 ± 0.36 2.259 ± 2.1 1.505 ± 1.5
0.327 ± 0.22 2.00 ± 1.3 1.31 ± 0.9
0.358 ± 0.198 2.176 ± 1.22 1.43 ± 0.77
0.363 2.196 1.45
Table 6e Themeasured parameters for different quarters
in Al-kharj city.
Quarter Radon
concentration
(Bq m3)
WLM/
year
Annual
effective dose
(mSv)
Meshrif 85 ± 37 0.166 ± 0.07 0.743 ± 0.63
Ghernata 126 ± 19 0.214 ± 0.08 1.359 ± 0.50
Alyamama 113 ± 37 0.664 ± 0.45 3.895 ± 2.57
Alsulimaneya 117 ± 55 0.469 ± 0.20 2.797 ± 1.17
Alshoa'ba 105 ± 2 0.843 ± 0.06 4.895 ± 0.36
Alsalam 112 ± 38 0.390 ± 0.41 2.348 ± 2.34
Alsahna 74 ± 36 0.143 ± 0.06 0.907 ± 0.39
Alrayan 144 ± 122 0.290 ± 0.22 1.811 ± 1.35
Alnahda 110 ± 42 0.287 ± 0.21 1.757 ± 1.18
Almontazah 138 ± 47 0.321 ± 0.12 1.982 ± 0.74
Almansoura 106 ± 54 0.266 ± 0.10 1.632 ± 0.64
Alkhuzamy 121 ± 59 0.499 ± 0.32 2.969 ± 1.85
Aljamaa 115 ± 61 0.422 ± 0.48 2.528 ± 2.816
Aldelam 115 ± 69 0.350 ± 0.19 2.116 ± 1.18
Alazizeya 89 ± 18 0.441 ± 0.16 2.600 ± 0.89
Al-Andalus 57 ± 20 0.204 ± 0.09 1.225 ± 0.45
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0.907 ± 0.39 mSv is found in Alsahna quarter.4. Conclusion
Long period measurements based on using passive dosime-
ters is more reliable than active one because it can integrate
the results over long exposure period. About 77% of the
studied dwellings in Al-kharj city give radon concentration in
the range from 50 to 150 Bq m3. Maximum radon level is
obtained in homes where the minimum is in working places.
Due to the good ventilation at school, the equilibrium factor is
the minimum and reach maximum in work places. The
annual effective dose as a combined effect of both radon
concentration and equilibrium factor has a maximum at
homes followed by hospitals. The differences in radon level as
well as the annual effective radon doses at different floor are
insignificant. These assure the role of ventilation for altering
the results.
The average weighted mean of annual effective dose is
equal to 1.325 ± 0.71 mSv and geometric mean of
1.881 mSv y1. This value is within the action level of
3e10 mSv y1 recommended by ICRP (1993) but it is higher
than the global average of 1.15 mSv y1 as estimated by
UNSCEAR (2000).
The results of all dwellings are averaged through the
weighted mean to be corresponding to the dwellings of
different conditions. The results promote the development
and/or the update of databases of radon levels and its related
parameters in Saudi Arabia.Acknowledgment
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